The presence of substitutional solutes has a strong influence on the Snoek effect of interstitial atoms in body-centered cubic (bcc) Fe alloys, such as the structural CMn steel grades produced in hot strip mills. In the current study, bcc Fe-Mn-N alloys were analyzed using the impulse technique and the results were correlated to their mechanical properties and the AlN precipitation characteristics. The broadened Snoek peak related to the octahedral interstitial N could be resolved into three distinct Debye peaks related to the arrangement of Mn atoms surrounding the N atoms. The simulation results suggest that precipitation of AlN occurred mainly during coiling and that the precipitation kinetics was enhanced at higher coiling temperatures. Alloys isothermally held at high temperatures had a yield strength and tensile strength linearly proportional to the difference between the nominal N content and the interstitial N content. The observations point to the pronounced precipitation strengthening effect of AlN after hightemperature coiling simulations. The result also reveals that interstitial N increases both the yield strength and the tensile strength in steels coiled at low temperatures.
I. INTRODUCTION
IT is well known that the presence of substitutional solutes has a strong influence on the Snoek effect of interstitial atoms. In the binary Fe-N alloy system, the addition of Mn results in a decrease of the intensity and a significant broadening of the N Snoek peak in the internal friction (IF) spectrum. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] There have been a number of experimental and theoretical studies on the Snoek relaxation in ternary Fe-Mn-N alloys. Ritchie and Rawlings [11] decomposed the Snoek peak and found that up to seven peaks, each having a specific relaxation time, were required to synthesize the broad Snoek peaks in Fe-Mn-N alloys. They also reported that the height of each peak varied in a specific manner with the Mn content: Whereas the amplitude of the three low-temperature peaks increased with increasing Mn content, the central peak decreased, and the two high-temperature peaks increased at low Mn content and decreased at high Mn content. Gouzou et al. [12] calculated the elastic strains, which affect the various octahedral sites near Mn atoms. The strains make certain types of octahedral sites more favorable for N atoms to reside in, which results in small differences in the activation energy for the diffusional jumps of the N atoms. Salzbrenner and Carpenter [13] examined cluster models of Mn atoms with a single Mn atom and two Mn atoms. Their results indicate that only single interstitial N atoms are associated with the various types of defect clusters related to the Snoek peaks. They were unable to give an indication of the number of Mn atoms associated with each defect due to experimental difficulties. Taking into account the three-dimensional arrangement of Mn atoms, Kruk et al. [14] proposed three types of octahedral interstices, each corresponding to a single Snoek relaxation. Numakura et al. [15] proposed a model accounting for the presence of an elastic dipole by calculating the system energy decrease with elastic dipole formation by means of a semidiscrete lattice model and molecular statics in the bcc ternary Fe alloys. They reported that this trapping effect gave rise to several additional components in the Snoek peak. [10, 15] Stephenson [16] proposed a procedure for determining the total N in solution in Fe-Mn-N alloys by the deconvolution of the broadened Snoek spectra. They proposed an empirical equation to correlate the intensity of each component of the Snoek spectra with the amount of N in solution. These previous reports on Fe-Mn-N ternary alloys have analyzed the components of the N Snoek peak and established a sound physical explanation for these components.
However, there have been no attempts to correlate this fundamental understanding of the characteristics of the interstitial N atoms by IF analysis with the observed mechanical properties of actual hot-rolled strip. In addition, most of the previous work was carried out in conditions in which the interstitial N content was precisely controlled by suppressing the possibility of precipitation by, e.g., water quenching or by limiting or excluding the use of strong nitride formers such as Ti and Al.
In the current study, Fe-Mn-N alloys containing different combinations of N and Al were investigated. Furthermore, the steels were given a thermo-mechanical treatment with different isothermal hold temperatures simulating a hot strip coiling process so that the precipitation of nitrides took place in controlled conditions. The purpose of the present study was to carry out the IF spectrum analysis of Fe-Mn-N alloys, very similar in composition to CMn structural hot-rolled strip steel, using the improved theoretical analyses mentioned in the previous paragraphs. The results of the IF analysis were correlated with the precipitation characteristics and the mechanical properties of the tested alloys.
II. EXPERIMENTAL
The composition of the steels used in the present work is listed in Table I . All the steels contained 0.05 to 0.06 wt pct C, 0.02 wt pct Nb, and 30 ppm Ti. Various combinations of Al and N contents were selected to achieve alloys with varying ratios of N to Al. In Table I The steels were prepared in a vacuum-induction furnace. The initial ingot thickness was 25 mm. Blocks taken from the ingots were reheated at 1473 K (1200°C) for 2 hours and rolled to 2.25 mm in thickness in seven rolling passes during a hot strip processing simulation. The average reduction per pass was 30 pct. After finish rolling, the sheets were fast cooled to a coiling simulation temperature (T C ) of 773 K, 823 K, 873 K, and 923 K (500°C, 550°C, 600°C, and 650°C) at a cooling rate of 180 K/s to retain controlled amounts of N in solid solution. An isothermal holding was carried out for 1 hour at each T C , followed by furnace cooling to simulate the cooling of a coiled hot-rolled strip.
The IF spectra were obtained using an impulse resonant frequency damping analyzer. The equipment uses an impulse excitation technique to initiate the flexural vibration of a test sample mounted in a vacuum chamber.
The mechanical vibration is detected by a laser vibrometer. A schematic of the IF system (IMCE NV, Genk, Belgium) is shown in Figure 1 . The measured flexural frequency varied from 1500 Hz to 1800 Hz depending on the temperature. The measurements were carried out using a heating rate of 0.083 K/s. The specimen was a rectangular bar, 80 mm long and 25 mm wide, with a thickness in the range of 2.2 mm to 2.3 mm. The supporting wires placed in the vibration nodes of the tested specimens were type K thermocouple wires. The fitting process of the experimental IF was conducted using the nonlinear curve fitting module available in Origin 8.1 (OriginLab Corporation, Northampton, MA).
Tensile tests using ASTM E8 standard specimens with a 50 mm gauge length were used to determine the mechanical properties at a strain rate of 10 À3 s À1 . The samples were taken in the rolling direction. A clear yield point elongation was observed for all the samples, and in some cases, a yield drop was observed. The reported yield stress is the lower yield stress. Vickers hardness tests were conducted with a mass of 1 kg applied during 5 seconds. The reported hardness results are the average of five measurements carried out in randomly chosen areas of the specimen.
The carbon replica extraction method was used to investigate the chemical characteristics and size distribution of precipitates by transmission electron microscopy (TEM). The specimens were mechanically polished and chemically etched for 40 minutes with a 5 pct nital solution. A carbon film was evaporated onto the surface and divided into 2-mm squares. A second etching was applied for 5 minutes using a 10 pct nital solution. After the dissolution of the matrix, the squares of carbon film with extracted precipitates floated to the surface and were picked up on Cu grids for TEM observation. [17] The microstructure of the heat-treated samples was also investigated by scanning electron microscopy. The grain size was measured using the linear intercept method described in the ASTM E112-88. [18] The thermokinetics software package, MatCalc (Vienna, Austria) [19, 20] (version 5.43) with the database ''mc_fe'' [21] was used to simulate the precipitation of AlN and Nb(C,N) and to investigate the microstructure evolution during the thermo-mechanical process. For AlN precipitation, the recently performed kinetic assessment [22] was used. AlN nucleation was accounted for both on grain boundaries as well as dislocations inside the bulk crystal. [23] Nucleation kinetics for both precipitates was evaluated from multicomponent classical nucleation theory and interfacial energies calculated from the generalized nearest-neighbor broken-bond model. [24, 25] The Nb(C,N) precipitation simulation was carried out for nucleation on dislocations and using default precipitation parameters within the standard precipitation framework of MatCalc.
III. RESULTS

A. Microstructure
All the specimens had a similar microstructure, consisting of a ferrite matrix and pearlite islands. A typical microstructure is shown in Figure 2 (a). The phase fraction of the pearlite was less than 5 pct in all specimens. In Figure 2 (a), the pearlite phase is indicated with the white dotted line, and the area is enlarged in Figure 2 (b). The average ferrite grain size was 5.22 ± 0.06 lm. The composition and T C did not influence the grain size and microstructure (Figure 2(c) ).
B. Numerical Analysis of the IF Spectrum
In an internal friction spectrum Q À1 , which is a single, well-defined relaxation process, will give rise to an internal friction peak that can be represented by the sum of the background damping W and a Debye peak.
D is the relaxation strength, x = 2pf, f (Hz) is the frequency, x (rad/sec) is the angular frequency, s = s 0 exp (H/kT) (seconds) is the relaxation time, H (J) is the activation energy for relaxation, k is the Boltzmann constant (J/K), T is the absolute temperature (K), s 0 is the limit relaxation time (seconds) for H fi 0.
Equation [1] can be rewritten as
T max (K) is the peak temperature. The background damping W is determined from the IF data in the temperature range between 298 K and 800 K (25°C and 527°C), which is much wider than that of the presented results. The fitting equation for W consists of a linear function at low-temperature side and an exponential function that matches the high-temperature background. At the temperature where the Snoek peak is located, W is mainly a linear with a small temperature dependence. In the current study, W was found to be consistent through all the tested specimens, not influenced by the composition, the Snoek peak height, or the thermal history.
C. Deconvolution of the IF Spectrum
The Snoek peak profile for N[0.3] and N[4.6] after an isothermal hold at 923 K and 873 K (500°C and 600°C) is shown in Figure 3 . The peak temperature was 383 K (110°C) for both samples, and the peak shape was slightly asymmetric. The peak height for N[4.6] was 20 times higher than that of N[0.3], implying that more N atoms were retained in solid solution in the case of N [4.6] . N[0.3], when treated at a temperature of 873 K (600°C), had a peak intensity close to zero. For a further analysis of the Snoek peak, the background damping was first subtracted from the experimental IF data and the Snoek spectra were analyzed by nonlinear least square error curve fitting to determine D, H and T max for each Debye peak. Fitting the data to a single Debye peak did not give satisfactory results. The smallest number of Debye peaks, which gave a leastsquare fit with R 2 values better than 0.99, was three. The IF spectra of the current study could be fitted to a superposition of three Debye peaks for N atoms only. The C Snoek peak was not taken into consideration in the analysis, as both the formation of pearlite during the isothermal holding process (as shown in Figure 2 Thermokinetics calculations for the precipitation of AlN and (Nb,Ti)(C,N) were carried out, and the results showed that the C was fully stabilized as carbide or carbonitride and that the matrix was depleted of free interstitial C.
In Table II , the parameters of the three Debye peaks referred to as h0, h1, and h2 are summarized in terms of their activation energy and T max . In the present study, the primary experimental fitting parameter is T max . The relaxation time s 0 was obtained from the literature [11] and H was calculated by using Eqs. [1] and [2] . A reliable evaluation of H and s 0 is highly sensitive to the quality of the experiments and requires the variation of the frequency over a broad range. The exact evaluation of these parameters is beyond the scope of the current study. In Figure 4 , the Arrhenius diagram of ln(1/2pf) vs 1/T shows a survey of previously reported parameter values for Fe-Mn-N alloys. The results of the current work are included for comparison. The Snoek-K} oster peaks labeled as SK and the high-temperature peaks are beyond the scope of this article. Most of the work on FeMn-N has been carried out using a torsion pendulum operated with a frequency of 0.5 to 1 Hz. Some data were obtained with higher frequency resonance damping IF measurements. Even though the notation and the number of the peaks may vary, the relaxation process parameters T max , H and the identification of the relaxation processes related to each peak are in agreement with previously reported work. The analysis of the spectra reveals that the current measurements, which were carried out at a frequency of 1700 Hz, are in good agreement with work carried out using a low-frequency torsion pendulum (~1 Hz) as shown in Table III . h0 corresponds to the Snoek peak for isolated interstitial N in dilute binary Fe-N alloys. The generally accepted interpretation for the two additional peaks, h1 and h2, is as follows. h2, which has a peak temperature below that of h0, is due to the relaxation process resulting from the interaction between a Mn-Mn pair and a N atom. h1, which has a peak temperature above that of h0, arises from the interaction between an Fe-Mn pair and a N atom. [11] [12] [13] [14] Figure 5 (a) shows an example of the deconvolution procedure for the Snoek peak. In Figure 5(b) , a schematic description of the atomic configuration for h0, h1, and h2 is shown in combination with a schematic potential energy diagram for the three Snoek relaxations. The interpretation here is based on the work of Gouzou et al. [12] and Salzbrenner and Carpenter. [13] Assuming that the lattice is an isotropic elastic continuum, they calculated the elastic strains, which affect the octahedral site near Mn atoms, as these strains alter the octahedral site energy. As shown in the potential diagram in Figure 5(b) , the site energies of the octahedral sites in h1 and h2 are lowered by the Mn atoms compared with that of h0 because the octahedral sites in h1 and h2 are expanded by the distortion resulting from the addition of the larger Mn atoms. The activation energy is determined by the site energy of the tetrahedral sites because the diffusional path from octahedral site to octahedral site goes via the tetrahedral site between both sites. The tetrahedral site energy, therefore, acts as the energy barrier for the relaxation. In the case of the h1 peak (single Mn atom), a Snoek relaxation is unfavorable because the tetrahedral site connecting two octahedral sites is asymmetrically distorted by the single Mn atom. This results in a higher activation energy. However, the addition of the second Mn atom results in a symmetrical distortion of the tetrahedral site. This reduces the activation energy in the case of the h2 peak. Thus, the Snoek relaxation associated with the h1 configuration occurs at a temperature above the normal Snoek peak (h0), while the h2 configuration leads to a relaxation peak at a temperature below the h0 relaxation. [12] [13] [14] Other possible configurations and physical interpretations have been proposed, but these did not have to be taken into consideration in the current case, as the details of the interstitial N configurations do not impact the interpretation of the results.
D. Effect of Mn Addition on the N Snoek Peak
The effect of the Mn content on the intensity and shape of the internal friction spectra is shown in Figure 6 . Two sets of samples are compared in Figure 6 For both sets, as the Mn content increased from 0.5 wt pct to 1.5wt pct, the maximum peak temperature T max shifted to a lower temperature and the peak height decreased. In addition, the peak shape became asymmetric. The relative ratio of the amplitudes of the h2, h0, and h1 peaks was influenced by the Mn additions. With increasing Mn content, the intensity of the h0 and h1 peak decreased, while the h2 peak intensity did not change. This observation is in a good agreement with the results reported previously. [11, 14] Stephenson et al. [16] proposed the following empirical equation between the IF peak intensity and the interstitial N concentration: 6] steels treated at four different isothermal temperatures, the heights of h2, h0, and h1 were converted into n2, n0 and n1, i.e., the solute N content in each of the three interstitial atom configurations, by multiplying the peak heights with the appropriate coefficient given in Eq. [3] . In Figure 7 , the ratios n2/n0 and n1/n0 are plotted as a function of the Mn content. The ratio n2/n0, increased with the addition of Mn as a result of a reduction in n0. The ratio n1/n0 did not change significantly with increasing Mn content.
E. Quantitative Determination of Total Solute N
The total solute N content was calculated by means of Eq. [3] for each sample treated at the four T C 's, and the results are shown in Figure 8 Using MatCalc, thermodynamic equilibrium calculations were carried out for T C = 773 K (500°C) to obtain the amount of solute N, and the result was indicated with a ''star'' symbol in Figure 8 . The equilibrium concentration of solute N at T C = 773 K (500°C) was found to be close to the experimentally measured value after an isothermal hold at 873 K (600°C) and 923 K (650°C). However, a large discrepancy was observed in case of a low T C , such as 773 K (500°C) both in terms of the absolute values and dependence on the N/Al ratio. It can, therefore, be concluded that at high T C , the kinetics of AlN precipitation are fast enough to achieve conditions close to equilibrium, in which most of the Al atoms already completed the AlN formation, resulting in a lower concentration of solute N in the matrix.
In addition to the equilibrium considerations discussed above, kinetic simulations for AlN and (Nb,Ti)(C,N) precipitation at T C = 773 K (500°C) and T C = 823 K (650°C) were carried out by means of the MatCalc software. The amount of N trapped in (Nb,Ti)(C,N) could be calculated. Except for N[0.3], which had a relatively low N content (30 ppm), the phase fraction of (Nb,Ti)(C,N) ranged between 8 3 10
À5
and 10 À4 regardless of T C . Assuming that this precipitate is Nb(C,N) considering its low Ti content and the fact that the precipitate contains similar levels of C and N, the amount of N present in Nb(C, N) was calculated to be 6 to 8 ppm. The density of Nb(C, N) was taken to be 8.2 g/mol in the calculations. Note that the precipitation kinetics for (Nb, Ti)(C, N), a high-temperature precipitate, was not influenced by T C . Therefore, the difference in the amount of solute N at different T C 's is solely due to the AlN precipitation. The calculated amount of solute N for the two values of T C is shown in Figure 8 (500°C), the simulation results achieved a sound estimation for the experimentally measured results. However, the absolute values for the concentration of solute N were significantly higher in the simulation results. This discrepancy can be attributed to the rapid segregation of solute N to defects. The kinetics simulation did not take account of trapping of solute N at the microstructural defects, e.g., precipitate/matrix interface, dislocations, and grain boundaries. The segregation behavior of N will be investigated in the Section IV.
The carbon extraction replica method was used to confirm this interpretation and verify the presence of precipitates in the microstructure by direct observation of the precipitates formed during the thermomechanical process. Three compositions were selected for the analysis: N[0.3], N [2.6] , and N [4.6] held at 773 K and 873 K (500°C and 600°C). An overview of the appearance of the various precipitates is shown in Figure 9 . The precipitate population of N[0.3] was significantly smaller than in the other two samples (Figure 9(a) ). A higher number of large precipitates was observed in both N [2.6] and N [4.6] after an isothermal hold at 873 K (600°C). The chemical analysis of the precipitates was carried out by means of energy-dispersive spectrometry. The results revealed that the precipitates could be categorized into three classes (Figure 10) . The majority of the observed precipitates were (Nb, Ti)(C, N), ranging in size from 3 nm to 100 nm. Their shape was cuboidal or cuboidal with rounded edges. These precipitates were nucleated on TiN inclusions (Figure 10(a) ), which often acted as heterogeneous nuclei sites. [26] The small number density of such precipitates in N[0.3] is due to the fact that the formation of TiN required for the subsequent formation of (Nb, Ti)(C, N) does not occur during the reheating stage due to low N content (32 ppm). In Figure 10(b) , an example of a Nb(C, N) precipitate is shown. The population density of this type of precipitates was low, and compared with the other type of precipitates, their size was small, i.e., 5 nm to 50 nm. This type of precipitate had various shapes, from cuboidal to irregular type. The third class of precipitates consisted of a combination of AlN and (Nb,Ti)(C,N) as shown in Figure 10 (c). This type of precipitates was found mostly in N [2.6] and N[4.6], which had a relatively high Al content. These complex precipitates were relatively larger in size (~300 nm) and irregularly shaped. The size of this type of precipitates is determined by the precipitation of AlN, which formed on isolated or clustered particles of (Nb,Ti)(C,N). It is worth noting that the effect of the T C on the size of these complex precipitates was significant by comparing to Figures 9(b) and (d) . This indicates that the precipitation of AlN takes place mainly during the isothermal hold stage, i.e., in the hot-rolling simulation stage. The higher T C , the more favorable the conditions were for precipitation.
F. Mechanical Properties
The mechanical properties of the samples are summarized in Figures 11 and 12 . Figure 11 shows the yield strength (YS), tensile strength (UTS), hardness, and uniform elongation (UE) of the five samples, which contain 0.5 wt pct Mn and different N/Al ratios. Generally, the YS and UTS as well as the hardness value showed a similar trend, i.e., an increased strength with increasing N/Al ratio. T C had a pronounced influence on the YS and the hardness, i.e., at higher T C , YS, and hardness, were higher (Figure 11(a) and (c) ). In the case of the UTS, a similar trend was observed, but the effect of T C was limited. The UE decreased linearly with increasing N/Al atomic ratio in the 783 K to 823 K (500°C to 550°C) temperature range as shown in Figure 11(d) . However, at higher T C , N[1.1] and N[2.6] showed a significant drop in UE. This pronounced deterioration in the UE in N[1.1] and N[2.6] is due to the presence of large-sized Al-enriched precipitates, which act as fracture nucleation sites. Figure 12 shows the properties of the three samples in which the Mn content varied from 0.5 to 1.5 wt pct, while the concentration of N and Al was kept fixed. The YS, UTS, and the hardness value increased linearly with increasing Mn content, while the UE decreased with increasing Mn content.
IV. DISCUSSION
A. Defect Cluster Model for the Broadened N Snoek Peak in Ternary Fe-Mn-N Alloys The defect cluster model for the broadened N Snoek peak assumes that the interaction between unassociated N interstitial atoms and Mn-N defect clusters is controlled by the law of mass action. [27] [28] [29] 
where C Mn a N b , C Mn , and C N are the concentrations of Mn-N defect clusters, unassociated Mn and unassociated N atoms, respectively. Z is factor taking into account the number of nonequivalent ways a defect cluster can be oriented in the lattice, DG is the formation energy of the cluster (J/mol), and T is the temperature (K).
Equation [4] can be used to determine of the concentration of a Mn a N b -type defect cluster assuming (1) that DG and Z are independent of the concentration of Mn, (2) that the concentration of unassociated N atoms C N is proportional to the N Snoek peak amplitude h0, and (3) that the concentrations of Mn 1 N 1 and Mn 2 N 1 defect clusters are proportional to the peak amplitudes h1 and h2, respectively. Equation [4] can be rewritten as follows:
Equation [5] implies that for a specific Mn content, a plot of the logarithm of h1 and h2 vs the logarithm of h0 will have a slope equal to b h1 and b h2 , respectively. The values of a h1 and a h2 are obtained by considering changes in the Mn content. The analysis is shown in Figure 13 (a) and (b), and the results are summarized in Table IV . When the Mn content is 0.5 wt pct, the ratio of a/b, i.e., the atomic ratio of Mn to N in a cluster defect, is the highest, and then it decreases with increasing Mn content. In Figure 13 (c), the data points indicate the ratio of Mn/N as a function of the Mn content. These points can be fitted to the exponential curves with the a/b ratio for h1 converging to 1.2. The a/b ratio for h2 converges to 1.9. The analysis confirms the validity of the model describing the existence of the three different configurations for the N atoms, with the h1 peak due to the Mn 1 N 1 cluster defect, and the h2 peak corresponding to a Mn 2 N 1 cluster defect.
B. Correlation Between Mechanical Properties and IF Analysis
In Al-killed structural CMn steel, N atoms in solid solution include N at octahedral interstice sites [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and N trapped at dislocations, [30, 31] grain boundaries [32] [33] [34] and the precipitate/matrix interface. [35] Only the N atoms in octahedral interstitial sites contribute to the Snoek relaxation. N also contributes to precipitate formation, e.g., AlN, NbN, and Nb(C,N). Figure 14 shows a summary of the relation between tensile properties with respect to N i and the amount of interstitial N, obtained by IF measurements. In Figure 14 (a), the results for the samples containing 0.5 wt pct Mn are shown as a function of the T C . The YS and UTS of the samples for T C = 773 K (500°C) and T C = 823 K (550°C) increased linearly with N i . There was no relationship for T C = 873 K (600°C) and T C = 923 K (650°C). The slope of the increment in the former case is 0.6 MPa/ppm N. This value is close to 0.5 MPa/ppm N or 5000 MPa/wt pct N, a commonly accepted value for the solid-solution strengthening effect of interstitial N in ferrite. [30] When the YS and UTS are replotted as a function of N T À N i , which is a measure of the difference between the nominal N content of the steel and the interstitial N content, a linear relationship independent of T C is obtained as shown in Figure 14(b) . In addition, the samples containing 1.0 and 1.5 wt pct Mn show a similar behavior, although the slope is higher in Figure 14 (c). Both YS and UTS show a very clear linear relationship with the difference, N T À N i rather than with N i . The physical meaning of N T À N i is the amount of N, which does not contribute to the Snoek relaxation. The difference, N T À N i is therefore a direct measure of the N present in precipitates and the solute N segregated to defects and grain boundaries. [31] Considering that all the samples were processed in a simulation of hot strip mill production and that they went through the same thermomechanical processing, the density of lattice defects, e.g., dislocations, can be assumed to be low and similar in all the samples. Therefore, the segregation of N to deformation defects cannot be considered to be a determining factor in the difference, N T À N i . In terms of grain boundary trapping, Takaki et al. [32] measured the yield stress in the samples with different grain size and different content of C and N. They reported that the solute C content strongly increased the Hall-Petch coefficient by segregating to the grain boundaries, resulting in an increase in YS of the tested steel. In contrast, the interstitial N did not influence the Hall-Petch coefficient. They argued that this difference was due to the grain boundary trapping of solute C, which is responsible for the YS changes when grain sizes are constant and that the behavior of grain boundary segregation is substantially different between C and N.
Hondros [33] reported the lower limit of the amount of N trapped at grain boundary sinks by measuring the binding energy of N to grain boundaries in bcc Fe alloy. For the Fe-N alloys with a large grain size, N atoms tended to be present as interstitials in the temperature range for 773 K to 1173 K (500°C to 900°C). For materials with a grain size in the 1 to 10 lm range, the proportion of N atoms trapped in the grain boundaries became significant, i.e., approximately 25 ppm for the alloy with a grain size of 1 lm. In addition, Hopkins and Tipler [34] suggested that the segregation of N atoms at the grain boundaries resulted in a formation of a film of N atoms at the boundaries, which had a detrimental effect on the mechanical properties, by reducing the cohesive strength of the grain boundary. This observation may explain the ineffectiveness of the N grain boundary trapping in increasing the YS, as observed by Takaki et al. [32] The linear relation between the YS and N T -N i is, therefore, a consequence of precipitation. In the current study, the two precipitates binding the solute N were AlN and (Nb,Ti)(C,N). For example, N[4.6] contains 260 ppm N and 110 ppm Al, and the amount of solute N was measured to be 110 ppm by IF analysis, when treated at 773 K (500°C).
Provided that AlN is fully precipitated, the amount of N necessary to convert Al into stoichiometric AlN is 57 ppm. In the same manner, the N content required to form (Nb,Ti)(C,N) is 15 ppm, as it can be assumed that C and N have the same contribution to forming these precipitates. [30] The maximum amount of N taken up by precipitates is therefore 72 ppm. This value is much smaller than the difference N T -N i = 260 -110 = 150 ppm. A similarly significant discrepancy has been observed by Schut et al. [35] They reported that the actual amount of N needed to form AlN significantly exceeded the calculated amount if only the stoichiometric ratio of N/Al was taken into account. This excess N was shown to be due to the trapping of N atoms at the AlN/matrix interface and dislocations. Schut et al. [35] argued that the solubility of N in the Fe matrix around the precipitate is locally increased due to the elastic accommodation of the misfit resulting. This requires an excess N for the formation of AlN. The amount of excess N associated with the AlN/matrix interface and dislocations is typically equal to half of the amount of N associated with the formation of AlN.
The discrepancy between the calculated and measured value of N i can therefore be attributed mainly to N precipitation and the trapping of N at precipitate/matrix interfaces. The segregation of N to grain boundaries and dislocations has only a minor influence.
Assuming that the dislocation density is low enough for the segregation of N to dislocations to be negligible, the contribution of solid-solution strengthening of N can be calculated by using the relation of 0.5 MPa/ppm N. [30] In Figure 15 , the solid-solution hardening by interstitial N atoms, r N solid solution , shown as a function of N T -N i , can be compared with the YS. In the case of the alloys processed with a low T C (left-hand side of Figure 15 ), the slope of the trend line for the YS increase is 0.32 MPa/ppm N, i.e., the same as for the r N solid solution . Note that the slope of the trend line was 0.48 MPa/ppm Figure 14(b) , i.e., when all the data for low and high T C value were used in the fitting. However, fitting with the data for the low T C values results in 0.32 MPa/ ppm N, and this lower slope corresponds exactly to the slope of the r N solid solution increment. This observation implies that the YS increase in the alloys processed with low T C can be attributed to the contribution of the solidsolution hardening effect of interstitial N atoms. By subtracting the effect of the solid-solution strengthening associated with N i from the yield strength, the YS becomes constant with respect to N T -N i . It can, therefore, be concluded that the difference N T -N i in these alloys comes mainly from the excess N at the precipitates/matrix interface and the segregated portion of N atoms to grain boundaries and dislocations, which do not contribute to the YS enhancement unlike precipitates. In case of the alloys processed at high T C , the YS depends on the sum of the contribution associated with both N i and N T À N i , i.e., solid-solution strengthening determined by N i and precipitation hardening determined by N T À N i .
N in
A detailed analysis of the IF spectrum of CMn steel, which considers the effect of substitutional elements such as Mn, can therefore be used to determine the relationship between the mechanical properties and the various states of solute N. The influence of the trapping of solute N at coherent AlN/matrix interfaces should always be taken into account.
V. CONCLUSIONS
In the current study, the IF analysis of bcc Fe-Mn-N alloys, carried out by means of the impulse IF technique, was combined with the investigation on their mechanical properties and precipitation characteristics. The influence of Mn content in the range of 0.5 wt pct to 1.5 wt pct on the IF spectra was also investigated. The main conclusions are as follows:
1. The broadened N Snoek peak could be fitted with three single Debye peaks for N atoms. The C Snoek peak was absent in the spectrum due to the formation of pearlite during the isothermal holding simulating the coiling process. In addition, the (Nb,Ti)(C,N) precipitation removed the C from solution prior to coiling. 2. Three types of precipitates were observed: (Nb,Ti) (C,N), Nb(C,N), and complex precipitates composed of AlN and (Nb,Ti)(C,N). Precipitation of AlN occurred mainly during the isothermal coiling simulation and the kinetics was higher at higher T C . 3. At high isothermal holding temperatures, i.e., at higher coiling temperatures, the AlN precipitation kinetics was fast enough to reach near equilibrium conditions, i.e., the AlN formation was almost complete, resulting in a lower concentration of solute N. 4. Based on the deconvolution procedure of the Snoek spectra, it was possible to convert the amplitude of the three Snoek peaks to the content of solute N using an empirical equation proposed by Stephenson. Both yield and tensile strength showed a linear dependence on both Ni and NT-Ni for the alloys processed at a high TC, while a linear dependence with Ni was shown for the alloys processed with a low TC. 5. The formation of precipitates resulted in an excessive reduction of interstitial N content, leading to a lower N Snoek peak amplitude. This was related to the trapping of N at the AlN/matrix interface, grain boundaries and dislocations.
